Abstract To elucidate the potential of single nucleotide polymorphism (SNP) markers in rye, a set of 48 barley EST (expressed sequence tag) primer pairs was employed to amplify from DNA prepared from five rye inbred lines. A total of 96 SNPs and 26 indels (insertion-deletions) were defined from the sequences of 14 of the resulting amplicons, giving an estimated frequency of 1 SNP per 58 bp and 1 indel per 214 bp in the rye transcriptome. A mean of 3.4 haplotypes per marker with a mean expected heterozygosity of 0.66 were observed. The nucleotide diversity index (p) was estimated to be in the range 0.0059-0.0530. To improve assay cost-effectiveness, 12 of the 14 SNPs were converted to a cleaved amplified polymorphic sequence (CAPS) format. The resulting 12 SNP loci mapped to chromosomes 1R, 3R, 4R, 5R, 6R, and 7R, at locations consistent with their known map positions in barley. SNP genotypic data were compared with genomic simple sequence repeat (SSR) and EST-derived SSR genotypic data collected from the same templates. This showed a broad equivalence with respect to genetic diversity between these different data types.
Introduction
Single nucleotide polymorphisms (SNPs) are the most basic unit of genetic variation and represent the commonest class of DNA-based markers (Cho et al. 1999; Rafalski 2002) . As a result, they can, in principle, be used to construct genetic maps with an at least 100-fold higher marker density than is possible using microsatellites (or simple sequence repeats-SSRs). The higher genetic stability of SNP over SSR, which is currently the most widely used marker platform in crop systems, is a further incentive for their development (Cho et al. 1999 ). In addition to providing an enhanced mapping resource, other applications, such as the assessment of genetic diversity, marker-assisted breeding, and the detection of genome-wide linkage disequilibrium and genotype/phenotype associations would benefit from their wide-scale development. All these activities would become more practicable than is possible with SSRs, thanks to the ease with which SNP genotyping can be automated (Rafalski 2002) . A major route for SNP discovery in genic sequence starts with an in silico comparison of homologous sequences from two or more representatives of a given species. Variants identified in this way generally need to be validated in vitro by resequencing, before specific SNP assays can be designed and tested. This broad approach has been employed for SNP discovery in rice (Oryza sativa; Nasu et al. 2002; Feltus et al. 2004) , maize (Zea mays; Tenaillon et al. 2001; Ching et al. 2002) , wheat (Triticum aestivum; Somers et al. 2003 ; http://www.wheat.pw.usda.gov/SNP/), barley (Hordeum vulgare; Kota et al. 2001; Russell et al. 2004; Rostoks et al. 2005) , soybean (Glycine max; Zhu et al. 2003 ; Van et al. 2004) , and sugarbeet (Beta vulgaris; Mö hring et al. 2004) .
Rye (Secale cereale L.) is a significant crop in Northern and Eastern Europe. Its comparative advantage over the other temperate cereals lies in its excellent tolerance to low temperature and high levels of soil aluminium, and its ability to realise acceptable grain-yield where other crops cannot (Madej 1996) . Rye is also an important reservoir of genes for wheat improvement, and is a parent of triticale, the synthetic wheat-rye hybrid, which occupies a significant niche in the cropping system. As a result, the identification and genetic mapping of genes responsible for enhanced agronomic traits and abiotic stress tolerances is useful beyond their immediate benefit to rye genetics and breeding. To achieve these goals, wellsaturated molecular genetic maps of rye are required. Several genetic linkage maps, constructed from a variety of populations and using various marker platforms have been developed for rye Philipp et al. 1994; Senft and Wricke 1996; Korzun et al. 2001; Bednarek et al. 2003 , summarized in Varshney et al. 2004 and Chikmawati et al. 2006 . In fact, the exploitation of the heterologous RFLP (restriction fragment length polymorphism) markers, developed for wheat and barley, for constructing the genetic maps of rye have established good relationships among different linkage groups and genomes of three Triticeae species, i.e. wheat, barley, and rye (Devos et al. 1992 . However, in recent years, as with other crops, SSRs have come to represent the markers of choice for breeding applications (Gupta and Varshney 2000) . In an attempt to increase the limited number of functional SSR assays in rye, Khlestkina et al. (2004 Khlestkina et al. ( , 2005 developed SSR markers from rye ESTs (expressed sequence tags) and also transferred the wheat-originating SSRs (Rö der et al. 1998 (Rö der et al. , 2004 to the rye genetic maps. They were able to map a number of both EST-derived (eSSR) and genomic (gSSRs) loci in four rye mapping populations. A particular problem in using such heterologous SSR assays is that only a small proportion of gSSR markers is transferable, and that eSSR markers, while readily transferable, tend to be relatively non-polymorphic (Varshney et al. 2005) . Presently, a large number of ESTs are available for wheat and barley as compared to rye and a comprehensive resource of EST-based markers including SNPs have been developed for barley at Gatersleben. Therefore it is anticipated that the existing resource of barley EST-based markers could be used for developing the genic markers in rye for enhancing the density of the rye genetic maps as well as providing additional anchoring points between rye and barley genetic maps.
The present study was undertaken with the following objectives: (a) to assess the possibility of using barley genomic resources for undertaking SNP discovery in rye, (b) to assess SNP frequency and nucleotide diversity in the rye genome, (c) to develop affordable assays for SNP genotyping, (d) to integrate SNP markers into the rye genetic maps, and (e) to make a comparison of SNP with gSSR and eSSR markers in the context of diversity analysis.
Materials and methods

Plant materials and PCR
DNA was prepared, as per Khlestkina et al. (2004) , from five inbred lines (N2, N6, N7, P87, and P105) used as parents of the four F 2 mapping populations described by Korzun et al. (2001) and Malyshev et al. (2003) , and from 74 individuals selected from each of the four mapping populations. A set of 48 primer pairs was sampled from a collection of >200 EST-based barley SNP assays. The 48 loci mapped to all seven barley linkage groups, and were associated with a high nucleotide diversity index (p) (unpublished data). The barley amplicons were of mean size 300-450 bp. All PCR procedures followed those described elsewhere (Kota et al. 2001 (Kota et al. , 2003 .
SNP discovery
Rye amplicons were sequenced in both forward and reverse orientation using big dye-terminator chemistry (Applied Biosystems, Foster City, CA, USA). Base calling was carried out using Phred (Ewing et al. 1998 ).
Raw sequence data were trimmed using a sliding window of 50 bp with a minimum average Phred score of 20, and filtered for a minimum length of 100 bp. ''Sequencher'' (Gene Codes Corporation, Ann Arbor, MI, USA) software was then used to generate contigs from the forward and the reverse sequences of each genotype with the parameters: (a) minimum match 85%, (b) minimum overlap 20 nt, and (c) assembly algorithm ''dirty data.'' The sequences were validated by a manual inspection of the trace files and edited where appropriate. Finally, the contigs were aligned with either GCG Pileup or ClustalW (Gribskov et al. 1984; Thompson et al. 1994) , and putative SNPs differentiating the five rye-inbred lines were identified.
Polymorphism information content (PIC) and p
The polymorphism information content (PIC) was defined as per Nei (1987) as
where k is the total number of alleles and P is the frequency of the ith allele at a given locus. The genetic variability was modelled by p, defined by the ratio K/L, where K is the average number of polymorphic nucleotide sites in a sequence of length L bp (Nei and Li 1979) . The standard deviation of p was calculated according to Hartl and Clark (1997) .
Conversion into cleaved amplified polymorphic sequences
Sequence alignments were loaded in FASTA format into the ''SNP2CAPS'' tool (http://pgrc.ipk-gatersleben. de/snp2caps/; Thiel et al. 2004) , which employs the REBASE database (version 304, March 24, 2003) , containing the recognition sequences of 235 non-isoschizomeric and commercially available restriction enzymes. Potentially informative restriction enzymes were validated in vitro, following methods detailed elsewhere (Thiel et al. 2004 ).
Linkage mapping
Single nucleotide polymorphisms were mapped in at least one of the four mapping populations. MAP-MAKER 2.0 software (Lander et al. 1987 ) was used to assign SNPs into the framework map(s) at a LOD score of 3.0. cM distances were calculated by applying the Kosambi map-unit function (Kosambi 1944).
Functional annotation
Amplicon sequences containing a mappable SNP were tested against the non-redundant peptide (NR-PEP) database (Refseq-release 11, June 2005) using BLASTX2 (Altschul et al. 1990 ) with a threshold value 1E-10. These analyses were performed using Heidelberg Unix Sequence Analysis Resources at Deutsches Krebsforschungszentrum (DKFZ, German Cancer Research Centre), Heidelberg, Germany (http://genome. dkfz-heidelberg.de/).
Comparison of SNP and SSR markers
Single nucleotide polymorphism genotyping data were collected on the rye inbred lines in the present study. On the similar set of genotypes, we obtained additional genotyping data using a set of genomic SSRs (gSSRs) and EST-derived SSRs (eSSRs) (Khlestkina et al. 2004 (Khlestkina et al. , 2005 . The details on these SSR markers have been provided in Supplementary Table 1 ). For comparing the potential of EST-derived SNP (eSNP) markers of the present study with gSSRs and eSSRs, the genotyping data obtained for all three types of markers were coded into presence/absence matrices. Separate pairwise genetic similarity distance matrices among entries were assembled, based on eSNP, gSSR, and eSSR markers. Genetic similarity matrices obtained for each type of marker were compared using the Mantel (1967) test.
Results
SNP discovery and frequency in rye
All of the assays successfully amplified from a template of barley cv. Barke DNA, but only one third of the 48 primer pairs generated an adequate amplicon (a single, well-amplified product) in the expected size range from all the five rye templates. A further eight primer pairs were functional for at least three of the five templates. The rye and barley amplicons generated from these 24 primer pairs were sequenced. The remaining 24 primer pairs amplified a scorable 260-800 bp product from, at best, only one of the rye templates. Sequence data of sufficient quality for at least three of the ryes and the barley were obtained for 21 of the 24 amplicons. Sequence analysis for SNP discovery was performed only for the region where sequence data were obtained for at least three of the five inbred lines. In all, alignments over a mean of 397 bp per marker (range 220-762 bp) were examined, representing in all 5.55 kb of the rye (Table 1 ). In summary, these results suggested the utility of existing resource of barley EST markers for undertaking SNP discovery in rye.
A total of 96 SNPs and 26 indels were observed in 14 of the 21 amplicons (Table 1 ; Fig. 1 ). The remaining seven amplicon-sequences were completely monomorphic across the five ryes and the barley. The highest number of SNPs per amplicon (29) was in GBS0551, followed by 12 in GBS0456, while indel frequency was highest (12) in GBS0131 and GBS0456. GBS0524 and GBS0712 yielded only one SNP in each, and eight of the amplicons lacked any indel. The overall frequencies of SNPs and indels were, respectively, 1 per 58 bp and 1 per 214 bp. p ranged from 0.0059 to 0.0530, with a mean of 0.0203.
Expected heterozygosity and haplotypes in rye
Single nucleotide polymorphism markers are usually biallelic and so, their PIC cannot exceed 0.50. However, by considering haplotypes (the combination of SNPs within an amplicon), higher PIC values can be generated. Between two and five (mean 3.36) haplotypes per amplicon were identified, resulting in haplotype-based PIC values lying between 0.37 and 0.80 (mean 0.66) ( Table 1) . Over 85% of the amplicons yielded a haplotype-PIC of >0.50. In contrast, the PIC values of individual SNPs fell in the range 0.22-0.50 (mean 0.32).
Comparison of sequence diversity between rye and barley
The set of markers analysed for sequence diversity is a subset of the barley EST markers that were analysed for sequence diversity in barley (R. Kota et al., unpublished) . Screening of seven barley genotypes (Igri, Franka, Steptoe, Morex, OWBDom, OWBRec, and Barke), the parental genotypes of four mapping populations (i.e. Igri · Franka, Steptoe · Morex, OWBDom · OWBRec, and Barke · Morex), with these 14 markers yielded a total of 76 SNPs which is 1.26· lesser as compared to that was observed in rye (Table 2) . Although these markers did not show any indel in barley genotypes, a total of 26 indels were observed in rye genotypes. Number of haplotypes observed in barley genotypes was a bit higher as compared to that of rye. The PIC value of the haplotypes and sequence diversity index in rye genotypes for the examined markers, however, was higher in rye as compared to that of barley ( Table 2) .
Conversion of SNPs into cleaved amplified polymorphic sequence markers for rye Many SNP detection and genotyping platforms depend on expensive equipment and/or consumables, making SNP genotyping an expensive process. Of the 14 polymorphic sequence alignments, 12 contained at least one potential cleaved amplified polymorphic sequence (CAPS) candidate (Table 3 ). All these candidates were validated by the appropriate digestion reactions (Fig. 2) . 
Integration of SNP markers into rye genetic maps
The 12 CAPS assays were applied to individual progeny of the mapping populations, enabling the mapping of eight SNP loci in N7 · N2, two in P105 · P87, and one each in N6 · N2 and N7 · N6. All segregations were in accordance with the 1:2:1 ratio expected for an F 2 population. The loci were thus straightforwardly integrated into the pre-existing genetic maps of Khlestkina et al. (2004 Khlestkina et al. ( , 2005 , thereby adding 12 loci, spread over all the rye chromosomes except for 2R (Table 3 ; Fig. 3 ). The majority of the loci mapped to the rye linkage group corresponding to the one in which the sequence was located in barley. The exceptions were GBS0526 (3H) and GBS0461 (4H), which were assigned to, respectively, chromosomes 6R and 7R (Table 3 ; Fig. 3 ).
Comparison of SNP with gSSR and eSSR markers in rye
The potential of SNPs to assess genetic diversity in rye was assessed by comparing the amplicon sequences obtained by 14 EST markers across the five inbred lines. This set of genotypic data (involving 96 SNPs) was used to describe the genetic relationships between the inbred lines (Fig. 4) . The resulting dendrogram suggests that N2 is more diverse than the other lines, while P87 and P105 have a level of similarity of greater than 50%. A comparison was then made between the SNP genetic similarity matrix and those derived from 39 eSSR (114 alleles) and 60 gSSR (167 alleles) loci (Khlestkina et al. 2004 (Khlestkina et al. , 2005 Supplementary Table 1) . Analysis showed a broad equivalence with respect to genetic diversity between these different data types (Table 4 ; Fig. 4) . A high-correlation coefficient was obtained between both the genetic diversity indices obtained from gSSR and eSSR data (r = 0.992), eSSR and SNP data (r = 0.982), and gSSR and SNP data (r = 0.972).
Discussion
Sequence diversity and SNPs in rye using barley markers
We have illustrated how eSNP markers in barley can be used to discover SNP variation in rye, and that these assays can be used to analyse sequence diversity in the rye genome. The possibility of transferring pre-existing barley markers to rye saves substantial time and effort, otherwise needed for the de novo design and synthesis of SNP primer pairs. Intergeneric transfer of DNA markers cannot always be relied upon, although the use of heterologous cDNA probes for RFLP analysis in the cereals has worked very well (Devos et al. 1992 Nelson et al. 1995) . Some success has also been achieved in transferring SSR markers from wheat and barley to rye (Khlestkina et al. 2004 (Khlestkina et al. , 2005 , especially to those based on genic, as opposed to anonymous genomic sequence (Gupta et al. 2003; Thiel et al. 2003; Varshney et al. 2005 ). This higher level of transferability no doubt reflects the better conservation over speciation of coding, as opposed to non-coding sequence (Varshney et al. 2005) . Polymorphism in allogamous species is generally higher than in autogamous ones (Rafalski 2002) , and thus, as expected, SNP frequency in rye was higher than in barley (ranging between 1/78 and 1/189 bp; Kanazin et al. 2002; Bundock et al. 2003; Russell et al. 2004; R. Kota et al., unpublished) , wheat (1/540 bp, Somers et al. 2003) , sorghum (1/123 bp, Hamblin et al. 2004) , sugarbeet (1/130 bp, Schneider et al. 2001) , and soybean (1/278 bp, Van et al. 2004 ), but comparable to its frequency in maize (1/61 bp, Ching et al. 2002 . Likewise, the mean p in rye is higher than that in barley (3.2 · 10 -3 ), wheat (6.9 · 10 -3 , Somers et al. 2003) , sorghum (2.25 · 10 -3 , Hamblin et al. 2004 ), soybean (0.97 · 10 -3 , Zhu et al. 2003 ; 0.70 · 10 -3 , Van et al. 2004) , and sugarbeet (7.6 · 10 -3 , Schneider et al. 2001) . Surprisingly, it was also two-to threefolds higher than that in maize (9.6 · 10 -3 , Tenaillon et al. 2001; 6.3 · 10 -3 , Ching et al. 2002) . We believe, Fig. 3 Integration of SNP loci into the rye genetic map. SNP markers (underlined) integrated into rye microsatellite linkage map (Khlestkina et al. 2004 ) based on segregation data from progeny of crosses a P87 · P105, b N6 · N2, c N7 · N2, and d N7 · N6. The tentative position of centromeres is indicated based on data of and Korzun et al. (2001) . Short arms of chromosomes are at the top, and the long arms at the bottom however, that this result reflects the non-random choice applied for the amplicons to screen, where a deliberate attempt was made to select markers with both high PIC and high p.
7R
On the basis of allelic frequencies, the SNPs identified had a mean PIC of 0.32. In contrast, the gSSR and eSSR markers across the same germplasm sample had a mean PIC of, respectively, 0.55 and 0.52. However, when PIC was calculated on the basis of haplotype instead of on individual SNPs, its value was more than doubled. Several studies (e.g. Johnson et al. 2001) have suggested that haplotype analysis is superior to SNP analysis for trait association or diagnostic studies. Overall, the information content of SNP haplotypes is comparable or even higher than that of the SSR markers.
Higher sequence diversity in rye as compared to barley As mentioned earlier, occurrence of indels, the higher number of SNPs (1.26·), higher sequence diversity (3.9·), and higher PIC value of haplotypes (1.16·) obtained in rye as compared to barley with the same set of the markers can be attributed to the allogamous nature of rye while the barley is an autogamous species (Rafalski 2002) . A slightly higher number of haplotypes were observed in barley as compared to rye. This could be possible as a higher number of barley genotypes (seven) than rye (five) were analysed with these markers. In brief, these analyses clearly underline the value of existing resource of barley markers for undertaking SNP discovery and marker development studies in rye.
Development of functional SNP markers for rye
The present study represents the beginning of SNP discovery and development in rye. A major barrier for SNP discovery in rye to date has been the paucity of EST sequence and the poor level of genotype representation among these ESTs. This has militated against a database mining strategy for SNP discovery. We have shown that heterologous EST sequence can substitute for the lack of rye sequence. Following this discovery, the next challenge in SNP development is in the design of genotyping assays. Numerous competing platforms are being promoted for this purpose, but some are associated with high costs for specialized equipment and/or reagents. The conversion of SNPs to CAPS markers provides an opportunity for applications in laboratories equipped with only basic infrastructural facilities. Conversion was achieved here for 12 markers, allowing them to be deployed using simple PCR reactions, restriction digestion, and agarose gel electrophoresis in a very cost-and time-effective manner.
Our aim was to demonstrate a route to the development of low cost SNP assays in rye, which would open the way to a substantial enrichment of the rye genetic map. This is particularly relevant for rye, for which, at present, the genetic maps in the public domain involve RFLP, AFLP, RAPD, and SSR loci Philipp et al. 1994; Senft and Wricke 1996; Korzun et al. 2001; Bednarek et al. 2003; Khlestkina et al. 2004 Khlestkina et al. , 2005 . None of these maps have a significant marker density (Varshney et al. 2004) .
Of the 12 mapped SNP loci, 10 were located to their expected chromosome, based on their location in barley. However, the remaining two (GBS0526 and GBS0461, on barley 3H and 4H) mapped to apparently non-homoeologous locations in rye (6R and 7R, respectively). These two rye chromosomes have evolved, via multiple translocations, to become substantially differentiated from other Triticeae species , and these rearrangements are consistent with the apparently non-homoeologous locations of these two markers (Table 3) . As the source sequence for the EST-SNP markers is genic, putative function can often be assigned using standard homology searches within non-redundant protein databases. Except for one marker (Xgbs0284-3R), all sequences showed a level of homology with identified proteins (Table 3) . A known function can give added value to a marker, since the possibility exists that SNPs can then be directly associated with variants for a specific function (Holton et al. 2002; Gao et al. 2004 ). Thus, GBS0554 (1R) and GBS0461 (7R) may be associated with quantitative variation for biotic and abiotic stress tolerance, as their sequences belong to a gene encoding a pathogenesis-related protein (GBS0554), or an iron-deficiency-induced protein (GBS0461). Were such an association to be confirmed through a genetic analysis, such markers would become useful both for marker-assisted selection and for allele mining in germplasm collections. Such a strategy requires a large repertoire of mapped genes (Andersen and Lü bberstedt 2003) .
Genetic diversity and comparison of SNP markers with gSSRs and eSSRs in rye
The relationships among the five inbred lines suggest that N2 is genetically distant from the other four inbred lines, while P87 and P105 are closely related to one another. This is consistent with known pedigree and provenance (Korzun et al. 2001; Malyshev et al. 2003; Tikhenko et al. 2005) . P87 and P105 were developed together at the Institute of Genetics and Cytology, Minsk, Belarus, both having been selected from the progeny of a single cross. N6 and N7 originate from, respectively, Sweden and Russia, while N2 is thought to have been developed in Northern/Eastern Europe (N. D. Tikhenko, personal communication) .
The SNP diversity is consistent with that derived from analysis of gSSRs and eSSRs. Importantly, even though only a small number of SNPs were analysed, highly significant correlations were obtained between the SNP marker data set and that of the gSSR (r = 0.972) and eSSR (r = 0.982) sets. The even higher correlation (r = 0.992) between the gSSR and eSSR data sets probably reflects the larger number of alleles samples. Since both eSSR and SNP markers are sourced from the transcriptome, it is not surprising that the correlation between them is so high.
In conclusion, we have shown that extant barley sequence can be used for SNP discovery in rye and that most of these SNPs can be converted into economical CAPS assays. We have used these new markers to add 12 functional loci to the rye map, and showed that these loci are syntenic between rye and barley. The development of CAPS assay should allow SNP markers to be deployed in situations where sophisticated infrastructure is lacking. The availability of a large number of ESTs in barley and wheat can facilitate the development of SNP markers, useful for both rye genetics and breeding.
